Introduction {#Sec1}
============

Water is used in various areas of business and industry; therefore, it is subject to the regulations that control the market (Becker [@CR8]). With regard to the industry, the food sector has one of the highest water consumption and is one of the biggest producers of effluent per unit of production. In addition, the food sector generates a large volume of sludge during biological wastewater treatment (Anielak [@CR2]; BriãoI and Granhen Tavares [@CR12]). Meanwhile, the availability of freshwater resources adequate in both quantity and quality is vital to food security and production (Kirby et al. [@CR20]). The food industry, also in Poland, is one of the most important and fastest growing sectors of economy (Wojdalski et al. [@CR37]). Looking at the Polish food industry in terms of water resources, it has consumed more than 793 hm^3^ of water resources in 2014. At the same time, in 2014, Polish industrial sector generated more than 7876 hm^3^ of sewage, out of which 734.5 hm^3^ falls in the dairy industry, as analyzed further in this article (Central Statistical Office [@CR14]).

Poland is one of the major producers of milk in the EU, having an 8.3% share in the global production. Consumers emphasize that Polish milk is characterized by high quality and nutritional value. Among the EU countries, Poland is the fourth producer of milk, followed by Germany, France, and the Great Britain. In the world ranking, Poland ranks twelfth position (Olszewska [@CR24]). The dairy industry due to the nature of the raw material and the processing technology affects primarily the quality of water, and less the air and soil (Salou et al. [@CR32]).

The dairy industry consumes great amounts of water and generates large quantities of wastewater (Kirby et al. [@CR20], Andrade et al. [@CR1]). The most dangerous is the technological wastewater formed during washing equipment and facilities. It contains the remains of milk or other milk products as well as cleaning products. It is characterized by great diversity of pollutant concentrations over time. It depends largely on the type of production in the enterprise and the production cycle, being in the most part a batch processes (Bednarski [@CR9]; Pham et al. [@CR26]). Under these circumstances, water resource management agendas are in need of a holistic approach to environmental management (Hermanowicz [@CR17]). Whereas all the pro-environment actions, including those in the field of water management, should follow the rules from the BREF reference documents (BAT Reference Note [@CR7]), in particular the following: the use of low-waste technology; the use of less hazardous substances; the furthering of recovery and recycling of substances generated and used in the process and of waste, where appropriate; technological advances and changes in scientific knowledge and its understanding; the consumption and nature of raw materials (including water) used in the process and their energy efficiency; and the need to prevent or reduce to a minimum the overall impact of the emissions on the environment and the risks to it. Problems of reducing water consumption, increasing the effectiveness of wastewater treatment, and implementation of adequate hygiene standards have been discussed by many authors. According to published research results, most dairy plants consume from 1 to 10 m^3^ of water per every cubic meter of milk production. The highest rates of water consumption are presented by Bosworth et al. ([@CR11]), who gathered the data representing Danish dairy enterprises. Additionally, the data used consisted of that presented by Vourch et al. ([@CR35]) from the French market; data presented in the BAT for the Nordic dairy industry ([@CR5], [@CR6]) in the Nordic countries Sweden, Finland and Norway; and the data presented by Wojdalski et al. ([@CR36], [@CR37]) from Polish dairy enterprises. The lowest rates of water consumption from dairy plants were observed in Australia, as presented by Prasad et al. ([@CR29]). The comparison of average rates of water consumption per each liter of processed milk for seven selected countries is to be found in Table [1](#Tab1){ref-type="table"}.Table 1Indicators of dairy plant water consumption in selected countriesCountryIndicators\
L water/L milkDenmark2.21--9.44Poland3.48--9.77France0.20--10.00Australia1.05--2.21Sweden0.96--4.00Finland1.20--4.60Norway2.05--6.30Source: Author's own elaboration based on presented literature review

Presumably, the most important element of proper water management in the food industry is to ensure proper water quality for individual processes. The most important ways of water use in the dairy industry consist the technological processes, cleaning systems, cooling systems, steam generators, fire protection systems, and water used for social purposes.

Depending on the quality of water and the technical requirements of use, this water has to be further adjusted to suit different needs (Fleiflec et al. [@CR15]), such as removal of color, softening or the addition of chlorine to minimize the count of potential spoilage microorganisms, or the use of UV radiation, e.g., to disinfect stored water directly before use as an ingredient (Casani et al. [@CR13]). Water, alike food, can be a potential vehicle for the direct transmission of disease agents and continues to cause significant outbreaks of disease in both developed and developing countries. For example, drinking water was identified as the source of a significant and fatal outbreak of *Escherichia coli* in Canada (Kondro [@CR21]). Water is, therefore, also capable of introducing contamination into food if appropriate care is not taken. In 2006, a chocolate company located in the UK was affected by contamination of chocolate by Salmonella, reputedly from a leaking wastewater pipe in the production area (Podolak et al. [@CR28]).

Health risk can also be caused by a variety of chemical substances present in water and food products, which is different than risk caused by bacteriological contamination. There is a small chance that a single substance could cause acute poisoning (except for emergency situations). However, given the fact that a number of chemicals in concentrations normally found in water can cause negative health effects with long-term exposure, toxic substances having the ability to accumulate in the body, as well as substances with carcinogenic properties, are also subject to strict rigor and are eliminated from water intended for human and animal consumption. This is due to sanitary standards on water quality, among which the most important legislation in the European Union being the Directive of the Parliament and the EU Council on the quality of water intended for human consumption, specifying the standard chemical, physical, and biological properties which must be met by water supplied and used in food plant production (EU Regulation [@CR30]).

Water cannot pose even a potential hazard to human health. The Directive defines both of the aforementioned parameters of permissible concentrations of substances harmful to the human body (toxic, mutagenic, and carcinogenic compounds and substances), and parameters such as color, turbidity, total number of bacteria, total organic carbon, taste, and smell. Although the parameters have no direct impact on consumer health, the aim is to determine the effectiveness and quality of water treatment process, which is referred to as auxiliary indicator parameter. It should be noted that the standards for a number of indicators applicable under the Directive are more restrictive than the WHO recommendations (Mulik et al. [@CR23]). However, the proper management of water resources should not be applied only to water used for food processing. The dairy industry is characterized also by a significant water consumption for example for heat exchange. The adequate preparation of cooling water and the use of innovative biocides may improve the efficiency of water resources (Podgórni et al. [@CR27]). In addition, water management is linked to many policy areas, and their integration is essential for the sustainable use of water (Aymerich et al. [@CR3]). Particularly relevant in this context are segments of industry where the good state of aquatic ecosystems is relevant to maintain an adequate state of people's health.

The aim of this study was to analyze two dairy enterprises particularly taking into account sustainable management of water resources. The paper is presented with case studies. It was considered that the case studies are based on the grounded theory of methodology and are deepening the knowledge that cannot be obtained by other means in order to explain phenomena that have not yet been explained and refer to specific companies.

Materials and methods {#Sec2}
=====================

The scope of the research includes a description of each of the analyzed companies; the analysis of their legal requirements in the field of water management; the data collected on the functioning of the plant: production, volume, and quality of water consumed (including water consumption in various technological processes); the flow and load of the sewage; existing practices and procedures for water management; and analysis of the obtained results. The procedure for water quality sampling and the appliances used for water quality parameter measurements were determined according to recommendations of Polish State Sanitary Inspection. The spectrophotometer manufactured by HACH Co. model DR 2000 (Hach, Loveland, CO, USA) was applied for water quality analysis of ammonium, nitrate, nitrite, iron, and manganese turbidity and color. The hydrogen ion concentration (pH) was measured with a pH meter CP---411 (ELMETRON, Gliwice, Poland), and the electrical conductivity was measured using a conductivity meter---CC---411 (ELMETRON, Gliwice, Poland). Hardness level was determined by titration following accredited testing procedure. The concentration of total count of microorganisms was conducted as per PN-EN ISO 6222:2004. The measurement of smell has been conducted via a simplified method based on the norm PN-EN 1622. Some data was taken from direct interview with the employees of the company. Furthermore, the correlations between selected technical process and production factors, equipment profiles, water quality, and consumption are also presented. The collected data was compared with the data available in literature. It should be noted that the analyzed companies had diverse production profiles and management procedures.

The first factory (DF-1) processes approx. 50,000 L of milk per day. The DF-1 is characterized by own drill well and additional water supply system connection with the municipal network, so that in case of accident or increased production, the water could be charged from municipal water supply. The presented dairy cooperative uses water for technological purposes, washing plant and equipment, steam generation and heating, as well as partly for social purposes. Average daily water demand is *Q*~*d*~ = 127 m^3^/day, the average hourly demand is *Q*~*h*~ = 5 m^3^/h, whereas the maximum is *Q*~maxd~ = 140 m^3^/day. Because of increased color and iron concentration, the water is subject to pre-treatment process. Following the treatment, it is transported into a clean water tank with the capacity of *V* = 48 m^3^, and through the use of pressure tank, the water is directed to the factory water supply system. The wastewater produced in the process of filter backwashing is discharged into industrial treatment plant.

DF-1 is in the possession of a permit for the uptake of groundwater. The individual amounts of pollutants in the wastewater discharged into the sanitary sewage system determine other water permit disposed by the facility. At the production facility, there are three types of sewer network, namely the sanitary sewage system, storm water network, and the technological wastewater network. The storm water system is used to drain rainwater from the site. Dairy effluent is pre-treated in industrial wastewater treatment plant. Dairy processing discharge wastewater characterized by high organic load due to the presence of milk components. Wastewater are characterized by high changes in temperature or pH. Other parameters of importance for dairy effluent are high COD, TSS, N, and P. As indicated also by Borbon et al. ([@CR10]), high BOD~5~ and suspended solids are the main pollutants that arise from leaks, spills, and removal of adhering materials during cleaning and sanitizing of equipment, cleaning and sanitizing solution with water washing and cooling water.

The second factory (DF-2) processes approx. 330,000 L of milk per day. At DF-2, the water supply system is based on its own underground water intake. Water intakes are located approximately 0.75--1.00 km from the plant. Noteworthy is the fact that a slight amount of water produced by the industry can be sold to the third parties. Water intake, as in the case of a DF-1, includes a defined zone of primary and intermediate protection. DF-2 owns a water permit for groundwater intake originating from their own sources serving for production and social purposes, as issued by the head of district. The consumption amounts are as follows: the daily average *Q*~avd~ = 2.16 m^3^/day, the hourly average *Q*~avh~ = 90 m^3^/h, and the hourly maximum *Q*~maxh~ = 180 m^3^/h. Raw water from wells is transported under pressure by pumps for drinking water treatment plant, where it is subject to processes of removing iron and manganese and chlorination. Then, it is pumped into two underground reservoirs with a capacity of 500 m^3^ each and subsequently distributed throughout the whole plant as treated drinking water. Water used for the supply and charging of boilers requires additional preparation. This includes processes such as filtration, softening, and reverse osmosis. The DF-2 factory makes use of CIP systems, which limits the consumption of raw water by reusing the water from the last rinse of equipment to the first rinse cycle. DF-2 also owns water permit for underground water uptake and wastewater permit to discharge wastewater. If whey from the cheese-making process is not used as a by-product and discharged along with other wastewaters, the organic load of the resulting effluent is further increased (Janczukowicz et al. [@CR18]).

The dairy processing plants manufacture various dairy products where the primary ingredient is raw milk. In this paper, the presented case studies covered DF-1---milk production and DF-2---cheese production line. The processes taking place at the milk plant include milk receipt and filtration of raw milk; separation of complete or part of the milk fat due to standardization of market milk; pasteurization and homogenization, if required; followed by packaging and storage, including refrigerated storage. In the cheese production, line milk is separated into skim milk and cream, then pasteurized, followed by specific processes depending on the desired product. The product is packaged and stored before being distributed.

Selected processes employed for manufacturing of various products are indicated in Fig. [1](#Fig1){ref-type="fig"} for fluid milk, and Fig. [2](#Fig2){ref-type="fig"} for cheese production, respectively. The finished products are then packaged, cased, and sent to storage for subsequent shipment. The diagrams indicate places where high water consumption occurs for technological processes and for washing of machines and devices.Fig. 1Flow diagram for processes occurring at a fluid milk production plant where C cleaning and sanitization solutions, CW cooling water, W water washFig. 2Flow diagram for processes occurring at a cheese plant where C cleaning and sanitization solutions, CW cooling water, W water wash

Results and discussion {#Sec3}
======================

Water quality {#Sec4}
-------------

The basic element of proper water management in the food industry is to ensure adequate water quality. This is a prerequisite for prevention of incidents arising from security threats. Risk prevention constitutes of detection and identification (recognition). Risk control in both factories is carried out by specially developed programs to monitor the quality of raw water and treated water. Such programs provide appropriate steps throughout the whole chain: supply, production, and distribution of water. The most important, however, insignificant from the point of view of the analysis of sanitary water security threats is a parameter that requires constant monitoring, namely---iron. Iron as a component of water-bearing rocks occurs in waters of almost 80% underground sources. Harmless from the point of view of health, it causes significant trouble in production processes, particularly affecting negatively the quality of dairy products. The most important parameters of the quality of raw water in individual plants with reference to the current standards are presented in Table [2](#Tab2){ref-type="table"}.Table 2The most important water quality parameters in DF-1 and DF-2 wells, with reference to the current national and European standardsParameterUnitRaw water in DF1Raw water in DF2European Legislation Directive 98/83/ECPolish Legislation Regulation 2015/1989/PLColor--12 (mgPt/L)24Acceptable to consumers and no abnormal changeAcceptable to consumers and no abnormal changeTurbidityNTU1420Acceptable to consumers and no abnormal change1Odor--Acceptable and no abnormal changeHydrogen sulphide - minimal perceptibleAcceptable to consumers and no abnormal changeAcceptable to consumers and no abnormal changeHydrogen ion concentrationpH7.26.96.5--9.56.5--9.5ConductivityμS cm^−1^ at 20 °C56762425002500Ammoniummg/L0.0150.310.500.5Nitratemg/L0.230.305050Nitritemg/L0.0090.0070.500.50Hardnessmg /L320287--60--500 (CaCO~3~)Ironμg/L10701810200200Manganeseμg/L1701375050*Escherichia coli*number/100 ml0000Enterococcinumber/100 ml0000Clostridium perfringens(including spores)number/100 ml0000

Since at both plants the problem of excessive concentration of iron in raw water has been recognized, both analyzed plants are equipped with iron removal system. Iron removal systems operate on the basis of the same unit processes, namely, aeration, which aims to oxidize ferrous iron, as well as rapid filtration, in an attempt to stop the precipitated iron compounds. In order to ensure microbiological safety after the iron removal process, at both plants, the water is being disinfected with the use of chlorine. Analysis of archival data and interviews with employees at the plant lead to the conclusion that the operating treatment system ensures the required security level, both in terms of quantity and quality of water used in the manufacturing process. As previously mentioned, the process water, which may have contact with food, must meet strict quality requirements, which prevents it from being reused.

Nonetheless, the water used for washing machines and halls, especially when used for the first washing, is not the subject of such restrictive preconditions. This case was adopted at DF-2 where the CIP system has been implemented. After the completion of the technological process, clearing machines, and equipment from the product and its detachment from supply tanks, the rinsing is conducted in a closed circuit. The process of cleaning the line begins with pre-wash, which removes the remaining product from washed surfaces. Cleaning agent containing many contaminants is removed from the system. Thereafter, the preliminary heavily contaminated water is transported directly to the treatment plant. The initial washing is followed by proper wash with the use of detergents. The solution remaining from last washing is passed to the pre-wash tank at the washing station. The process ends with rinsing with clean water. Considering that such water may have contact with food production, it must meet the requirements for drinking water.

Other requirements are set for the water used for steam production. In the dairy industry, the technological steam is used not only as a heat carrier, but also, and perhaps primarily as a disinfecting agent in the process of sterilization and pasteurization. Some processes require direct contact of steam with the product (e.g., a direct sterilization process for producing the UHT milk). If in the production process the steam being used has direct contact with food products, the parameters of water used for steam production should correspond to the parameters of drinking water, including the boiler water used for steam boilers. Such water must meet the requirements defined by the manufacturers of boilers, which usually relate to the hardness of water. The requirements depend on the design of a boiler and increase accordingly with its operating pressure.

At both study sites, there are water softener stations which effectively remove hardness to the levels below 0.01 mval/l, supporting the operation of boilers. In addition, water in the boiler system is adjusted through the use of chemicals that do not have toxic, carcinogenic, mutagenic, or harmful properties and are thermostable under normal operating conditions of the boiler. These substances are approved by the National Institute of Health for having contact with food. Both basic ingredients of these formulas and complementarity-stabilizing additives are a category of chemicals listed in food additives. This approach of both companies creates the comfort of safety, both from the point of view of the construction of the boiler and steam quality, and thus the quality of dairy products.

Another problem regarding water management at the company is to ensure the supply of water to maintain greenness in the summer, and the provision of sufficient quantities of water in case of fire. In these cases, the requirements for water quality are not as restrictive, since this part of water management depends on the quantity of water available. At both plants during the summer months, the maintenance of green areas was carried with raw water and additionally with treated wastewater which quality allowed for such use (Zahuta [@CR38]). Regarding the fire objectives, the capacity of the reservoirs of clean water does not guarantee complete safety in the event of a large fire. Therefore, companies should consider the possibility of using treated wastewater as a potential reservoir for fire protection. The quality of treated wastewater allows such a solution; however, it should be noted that the water should contain disinfectant components, so that when sprayed during a water rescue, it does not pose a bacteriological danger for persons conducting work at the company.

Water consumption indicators {#Sec5}
----------------------------

Dairy processors are aggressively challenged to conserve water necessitating the need for not only reducing water consumption but also to employ measures for recovery and recycling of process water without compromising on the hygienic quality and safety of the products. In Poland, there are norms of water consumption specified by the Minister of Infrastructure Regulation of 14 January 2002 on determining the average water consumption standards. Specific standards of the average water consumption for dairy products are presented in Table [3](#Tab3){ref-type="table"}.Table 3Average water consumption standards in processing plants in dairy industry based on Regulation ([@CR31])Type of dairy industryUnit of reference (ur)Average water consumption indicators, m^3^/urDairy industryButter production1000 dm^3^ mleka3.0Cheese production1000 dm^3^ mleka4.0Milk receipt and storage1000 dm^3^ mleka0.3

In the literature, Flemmer ([@CR16]), Perry ([@CR25]) and Steinhoff-Wrześniewska et al. ([@CR33]), Strzelczyk et al. ([@CR34]), there is diversified information on the use of water, which typically oscillates between 1 ÷ 10 l of water per liter of processed milk. However, the actual water consumption varies depending on the progress and modernization of production facilities and introduction of new technologies. In the production of milk and dairy products, one can observe a certain itineracy. Just as diverse is the demand market for dairy products during a year, accordingly varied is the demand for water and the volume of wastewater discharged from these processes. This is presented in Fig. [3](#Fig3){ref-type="fig"}, which shows the changes in monthly water consumption and wastewater production during a year. As can be seen, the volume of wastewater is equivalent to about 90% of water production, while during the summer, this figure is somehow lower, because a small amount of treated wastewater is used for irrigation of green areas.Fig. 3Changes in monthly water consumptions and wastewater production during the year

Respective processes have been analyzed at the plants in order to evaluate water consumptions. Water consumption indicators broken down by technological processes in both analyzed companies are presented in Tables [4](#Tab4){ref-type="table"} and [5](#Tab5){ref-type="table"}.Table 4Water consumption indicators for DF-1 in 2014ProcessUnitValueMilk pre-treatmentm^3^ for m^3^ proceeded milk0.4Milk processing and standardizationm^3^ for m^3^ proceeded milk0.5Pasteurizationm^3^ for m^3^ proceeded milk0.9Cleaning operationsm^3^ for m^3^ proceeded milk1.2Employees sanitary facilitiesm3 for m3 proceeded milk0.8∑m3 for m3 proceeded milk3.8Table 5Water consumption indicators for DF-2 in 2014ProcessUnitValueMilk pre-treatmentm3 for m3 proceeded milk0.3Cheese production processesm3 for m3 proceeded milk0.8Pasteurizationm3 for m3 proceeded milk0.9Cleaning operationsm3 for m3 proceeded milk1.8Employees sanitary facilitiesm3 for m3 proceeded milk0.8∑m3 for m3 proceeded milk4.6

The diversity of indicators at individual factories was discovered to be resulting from the diversity in the type of production. When comparing the data with the available literature data as presented in the introduction, at Table [1](#Tab1){ref-type="table"}, it can be noted that the situation at the analyzed companies is not drastic, but there is a potential to reduce water consumption from primary sources. The capability for the introduction of innovative technologies can be applied for such operations as automated rinsing of milk receiving tank trucks and cleaning of the tankers at the dairy plant; automated dairy food processing operations processing milk; automated circulation cleaning; and the use of liquid detergents and chemical sanitizing agents on a controlled basis.

The data presented indicate a high potential of this industry to use systems reuse water. According to literature, data recovery of water used can save up to 20--40% of the total costs associated with the production of water (Milani et al. [@CR22]; Kasztelan [@CR19]).

This is an essential fact because Poland is in the process of major legislative changes and the introduction of significant increase in fees for the use of water from primary sources. Therefore, any change will translate into tangible economic savings and improve enterprise competitiveness.

Undoubtedly, water consumption is also influenced by the nature of dairy production. Most water is required at plants that produce milk powder and cheese, a little less is consumed at plants producing drinking milk. In order to compare the levels of water consumption for both of analyzed plants, the average water consumption indicators have been calculated: the average for years 2011--2014 and for 2015 only, after the introduction of water management industry changes. The data are presented in Table [6](#Tab6){ref-type="table"}.Table 6Water consumption indicators: average for 2011--2014 and for 2015PlantsAmount of processed milk during the year (average 2011--2015) \[L\]Water consumption indicator (average 2011--2014) \[L for L proceeded milk\]Water consumption indicator 2015 \[L for L proceeded milk\]DF150,0003.5 +/− 0.33.2DF2330,0004.7 +/− 0.94.0

When taking into account data of the year by year period, we may observe reduction in water consumption per liter of product. These improvements are attributed to developments in process control and cleaning practices. During the research period on presented case studies has been implemented the system of simple changes and lower water consumption in the washing process. Additionally, some percent of wastewater has been used for green area irrigation, and all leaks have been monitored. At DF-1, 10% decrease in water consumption indicator has been achieved. At DF-2, almost 15% presumably because DF-2 uses CIP and only a slight modification to CIP has resulted in high reduction of fresh water use. Significant impact of controlling and optimizing cleaning parameters on water consumption was described also by Wojdalski et al. ([@CR37]). Practical solutions for reducing water consumption in dairy plants indicate that the water scarcity footprint at the plants was not only related to total freshwater consumption and production, but also closely related to the scarcity of water resources in the watershed basin or area (Bai et al. [@CR4]).

The above data allows us to draw very optimistic forecasts and conclusions, namely that the existing measures aimed to reduce water consumption from primary sources do bring the expected results.

Conclusions {#Sec6}
===========

The problems of environment protection in the industrial sectors are becoming more and more relevant, with strict legal requirements that imply considerable investments. This encourages researchers to look for new systemic solutions and methodologies to improve efficiency of water management. Industrial plants are specific in terms of quantity and quality of treated water, applied technologies and technical solutions, and specific operational regime. Thus, the decision about selecting the most appropriate type of technology is very individual and should be accurate for selected industrial plant.

Management strategies for improving water productivity of dairy production have to start at the source of the water. Since water treatment technology significantly influences the total consumption of water at the industrial plants, we should properly select the source of water and unit processes, so that water consumption for technological purposes is as low as possible.

Further technologies used in production require large quantities of water, used either for washing machine, cooling system, or product processing. The possible ways these operations can be modified or employee practices changed to reduce water use are identified and discussed. The role of management in processing water and waste control is an important factor for rational water management in the industry. In the literature, we could find a water consumption rate even of 1.3--2.5 m^3^ water/m^3^ of milk intake (Wojdalski et al. [@CR37]); however, in order to achieve such low consumption, the advanced technology and very good housekeeping and awareness among both employees and management are necessary.
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